We report on spectral imaging within individual silver split-ring resonators (SRRs) operating in the near infrared-visible range. We classified the optical eigenmodes from the measurement of their energies and nanometer scale spatial distributions. They are plasmonic standing waves that show great similarities with that of nanoantennas. We, however, evidenced marked differences in the near-field electric field lines' spatial distribution and the energies' dispersion. We also showed that the subwavelength defect's influence on the SRRs' eigenmodes spatial distribution is small. DOI: 10.1103/PhysRevLett.105.255501 PACS numbers: 81.05.Xj, 73.20.Mf, 79.20.Uv Metamaterials are artificial structures made up of the repetition of man-made elements, often called photonic atoms, in analogy to the real atoms of conventional materials. They exhibit a number of extraordinary properties that are not available in natural materials, including negative phase velocity of light [1] . They are currently finding useful applications in artificial magnetism, perfect lensing, and cloaking [2, 3] . Like real atoms, photonic atoms are much smaller than the light wavelength at which they operate, but unlike real atoms, their physical properties are mainly governed by Maxwell's equations rather than Schrödinger's equation. Real atoms can be entirely described given the energy of their eigenstates and the spatial distribution of their associated wave functions. Experimental access to the variation of the wave functions at different energies, namely, performing spectral imaging, has been only recently achieved on real atoms [4, 5] . This has given rise to useful insight on the material they are built in. Surprisingly, spectral imaging of photonic atoms has still not been achieved, despite having much larger size (typically more than 100 nm). Indeed, until recently, subwavelength optical spectroscopy was still not sufficiently advanced, and the physical realization of such small structures is technologically challenging. In order to deal with this issue, we have considered the paradigmatic case of the split-ring resonator (SRR), basically a cut winding loop of metal.
Metamaterials are artificial structures made up of the repetition of man-made elements, often called photonic atoms, in analogy to the real atoms of conventional materials. They exhibit a number of extraordinary properties that are not available in natural materials, including negative phase velocity of light [1] . They are currently finding useful applications in artificial magnetism, perfect lensing, and cloaking [2, 3] . Like real atoms, photonic atoms are much smaller than the light wavelength at which they operate, but unlike real atoms, their physical properties are mainly governed by Maxwell's equations rather than Schrödinger's equation. Real atoms can be entirely described given the energy of their eigenstates and the spatial distribution of their associated wave functions. Experimental access to the variation of the wave functions at different energies, namely, performing spectral imaging, has been only recently achieved on real atoms [4, 5] . This has given rise to useful insight on the material they are built in. Surprisingly, spectral imaging of photonic atoms has still not been achieved, despite having much larger size (typically more than 100 nm). Indeed, until recently, subwavelength optical spectroscopy was still not sufficiently advanced, and the physical realization of such small structures is technologically challenging. In order to deal with this issue, we have considered the paradigmatic case of the split-ring resonator (SRR), basically a cut winding loop of metal.
Indeed, they exhibit an artificial negative permeability [6] which does not appear easily in ordinary materials, in a range spanning from microwave to visible that can be tuned by changing the dimensions of the SRR. Moreover, together with a negative permittivity, they allow a negative phase velocity [1] of light even at optical frequencies.
The need for a complete experimental characterization of these photonic atoms acting in the visible range is particularly important. In this range, the operating frequencies reach the plasmon frequency of the underlying metal and the inertia of electrons shows up so that the optical excitations now have dispersion relations markedly different from free light in vacuum and highly dependant on the aspect ratios of the nanostructure [7, 8] . Also, the energy dissipation has to be taken into account. The simple picture borrowed from electrical engineering where the U shape of the SRR can be approximated by a 3=4 winding loop [9] totally misses the plasmonic nature of the photonic atoms' eigenmodes [10] .
In this Letter, we present an experimental and simulation study of the near-field properties of the eigenmodes of individual silver split-ring resonators that operate from the near-infrared to visible range. This was achieved by performing spatially resolved electron energy loss spectroscopy (EELS) in a scanning transmission electron microscope [8, 11, 12] on adapted e-beam-lithographed samples. We obtained the energies and spatial distribution of the optical eigenmodes of the SRRs. The eigenmodes could then be classified through their energies and symmetries, and have strong similarities with that of nanoantennas. However, thanks to the high spatial resolution obtained, we could clearly evidence a deviation of the SRRs eigenmodes near-field properties with respect to the nanoantenna ones and the effect of the coupling between legs of the SRR on the dispersion curves. Also, the effect of subwavelength defects could be directly probed and was shown to be small.
We adapted the e-beam lithographic process recently developed for fabricating photonic atoms in the visible range [13] to a substrate transparent to fast electrons and thus compatible with EELS (a suspended 30 nm thin 100 Â 100 m 2 Si 3 N 4 membrane window sitting on a holey silicon frame). Briefly, a thin PMMA resist is spin cast,
week ending 17 DECEMBER 2010 and then exposed along a defined pattern to a 30 kV electron beam. After developing the resist, a 20 nm thin silver layer is deposited by electron-beam evaporation and the resist layer is removed by a lift-off procedure. We note that EELS on e-beam-lithographed samples has not been reported before. Our method will open to the large collection of e-beam-lithographed samples of interest in optics the high spatial resolution characterization ability of the EELS techniques. We used a scanning transmission electron microscope (STEM-VG HB 501) at normal incidence operating at 100 keV and equipped with an EELS spectrometer and a homemade CCD camera. The size of the probe is 1 nm and the energy resolution in the raw data is 0.4 eV. The experiments are performed as explained elsewhere [14] . Briefly, a set of spectra is acquired by scanning the electron beam with a constant spatial step close to 1 nm and taking 50 spectra/pixel. Typical ranges are 32 Â 32 pixels and 1 ms=spectrum. The spectra are a posteriori spectrally aligned, summed, and deconvoluted from their point spread function [15] . This allows us both to increase the energy resolution to 0.3 eV and to remove the background due to elastically scattered electrons. For each spectrum of the data set, each peak is automatically detected and subsequently fitted with a Gaussian profile [14] . EELS intensity maps are then generated. Finally, boundary element method (BEM) simulations are performed for the EELS intensity spectra and energy-filtered maps, as well as for near-field distributions of the modes in the rings, as described elsewhere [16] [17] [18] .
We studied four SRRs of similar dimensions (width Â height Â thickness % 145 Â 130 Â 20 nm 3 ) [see Fig. 1(a) ]. Figure 1 (b) shows the spectra taken at different positions along the SRR profile of the sample labeled SRR1. The EELS peaks can be classified into three families. The first two of them are denoted A (A 1 , A 2 ) and S (S 1 , S 2 ) for reasons that will appear clear below. The third family is a bunch of high-energy modes spanning the 2.5-4 eV range. We are interested in the optical region for which these structures find application as pillar stones of metamaterials designs, and therefore, we will not enter into a discussion of these high-energy modes, other than indicating that their surface or bulk origin is well established by comparison with calculations [see Fig. 1(c) ]. It is clear from Fig. 1(b) that the peaks exhibit some specific spatial symmetries at least for S and A modes. In order to clarify this point, we plot in Fig. 2(a) the EELS intensity maps for A and S modes, which have clearly discernible behaviors. Following the U-shaped SRR profile, the four first resonances exhibit a decreasing distance between resolved spatial maxima as the energy increases. Our BEM simulations yield excellent agreement with experiments, especially for the spatial distribution of the modes. In particular, it shows that the rather counterintuitive lack of intensity for A 2 and S 2 modes at the tips of the U shape are not an experimental artifact [see Figs. 2(a) and 2(b)]. Moreover, it should be noted that the EELS signal is concentrated on the outer part of the SRRs for some maxima [see Fig. 2(a) ]; this behavior is very well reproduced in our numerical simulations [see Fig. 2(b) ]. The maps of both S and A modes are symmetric with respect to the central axis of the SRR, but only the S modes display a maximum along this axis. The EELS signal is closely related to the electromagnetic local density of states, polarized along the z electron axis trajectory (perpendicular . Each spectrum has been normalized to its maximum amplitude. The spectra are vertically offset for clarity. The 2D-color plots above the spectra show the modulus (upper row) and the phase (lower row) of induced charges of plasmon modes for a SRR. to the rings), i.e., the zEMLDOS [19] . In other words, the displayed maps are roughly following the square of the electric field projected along the electron path, and is thus not sensitive to the phase of the eigenmodes. However, from the fact that the A modes do not have maxima at the symmetry axis, in contrast to S modes, we can infer that S modes are symmetric in charge with respect to the symmetry axis of the SRR, whereas A modes are antisymmetric. This is in agreement with both of our BEM simulations (see inset of Fig. 1(c) ] and previous calculations [10] and experiments [20] . All of these resonances are still present for SRRs with slightly different sizes and shapes [see Fig. 3(a) ].
The classification of the SRR modes can be done either based on a phenomenological model of alternative current distributions along the U path [13] , or equivalently, based on the near-field distribution induced by the charges and currents associated to the modes [10] . In both cases, the concept emerges that the various modes are different orders of a standing wave along the U path of the SRR, explicitly described as surface plasmons in [10] , and exhibiting a different symmetry with respect to the central axis of the U shape. Noting that the EELS intensity is closely related to the zEMLDOS, the maps of Fig. 2 can be directly interpreted as reflecting plasmonic standing wave oscillations. We are now in a position to classify all modes according to the symmetry of these oscillations. A 1 is related to the so-called ''magnetic mode'' (or ''LC resonance'' in electrical-engineering terminology) [13] . It is associated to a resonant ring current in the entire SRR, which induces a magnetic dipole moment. The next three modes (S 1 , A 2 , and S 2 ), have an alternate charge symmetry, as expected. In a plane perpendicular to the cross section of the U path of the SRR, the charge distribution is almost symmetric (not shown) as usually observed in thin metallic nanoparticles [8] and nanoantennas (in that case the mode has an azimuthal number m ¼ 0 with full symmetry around its axis) in the quasistatic limit [21] . The presence of a substrate will only weakly modify this symmetry in the case of a small radius. At this point it should be stressed that the EELS gives consistent results when compared to optical measurements [22] [23] [24] . Moreover, EELS study allows us to detect all modes simultaneously on individual SRRs. Interestingly, the S 2 mode has never been observed in experiments before, to the best of our knowledge.
The EELS maps that we obtained for different SRRs clearly show that the spatial distribution of the resonances is not affected by small defects in the 3D shape of the SRR (not shown). This is a reassuring confirmation of the spatial coherence of surface plasmons when their wavelength is large compared to the defects, as it is the case here. Also, the measured maps are in good agreement with simulations, clearly indicating that, the surface plasmon distributions are very similar to those of standing waves in a nanoantenna, as already seen experimentally on two antisymmetric modes for much larger SRRs [20] and predicted by numerical simulations [10] . This situation hardly changes for asymmetric SRRs (not shown). Furthermore, the charge density eigenmodes (surface plasmon modes) are not influenced by the U shape of the SRR, as compared to a nanoantenna [see Fig. 1(c), inset) . It is thus surprising to note that the electric field distribution along a nanoantenna is symmetric in the plane perpendicular to its long axis (not shown) while this is not the case for the electric field distribution along the U path of a SRR. Our calculations show indeed a concentration of vertical electric field lines on the outer part of the SRRs for some maxima [see Fig. 2(a) ], due to the global shape of the SRR which is different from that of a nanoantenna. This explains why the EELS signal (sensitive to the zEMLDOS) is concentrated on the outer part of the SRR for these maxima, although the charge density is almost the same as the equivalent m ¼ 0 mode of a nanoantenna. Our calculations also show that the contribution of the electric field along the electron path at the tips for both the SRR and nanoantenna is very weak for the modes A 2 and S 2 explaining the lack of EELS intensity observed at the tips for these modes.
The energy distribution of the modes displayed in Fig. 3(a) is also puzzling. For a nanoantenna, we expect that the different orders follow a concave dispersion law (linear in the case of very high aspect ratio), as predicted by numerical simulations [25, 26] and reproduced in Fig. 3(b) . This is because they are essentially standing waves built onto the m ¼ 0 branch of an infinite cylinder. Now, the variation of the energy separation between the modes is not monotonic (especially the modes S 1 and A 2 are lying in close proximity), while the energy separation between symmetric modes on the one hand and antisymmetric modes on the other hand is almost the same. It is relevant to attribute this effect to the coupling between both legs of the SRR that will break the degeneracy of the initial dispersion relation into two barely parallel dispersion curves without affecting the charge density distribution to first order [see Fig. 1(c) , inset]. In such case, the symmetric modes will stand in the high-energy branch, while the antisymmetric modes will lie in the lower branch, as experimentally observed.
We have studied small lithographed SRRs compatible with EELS study in which plasmonic resonances show up, so that the analysis of these split rings is not as straightforward as for larger rings that are well described by circuit theory. The basic behavior of the surface plasmon modes in SRRs is similar to the modes of nanoantennas of the same cross section while the spatial distribution of the electric field is different. However, the coupling between both legs of the SRR introduces a different ordering and energy spacing of the various modes, but the separation in symmetric and antisymmetric modes (S and A) of the nanoantenna can be still maintained in the rings. This work, describing the entire eigenstates of SRR, should give useful insight on the metamaterial they are built in. Moreover, the proposed experimental and simulations developments can be now extended to all e-beam-lithographed structures, opening the way to the full near-field characterization of a wide range of different metamaterials.
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